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The organization of transmembrane receptors into
higher-order arrays occurs in cells as different as bac-
teria, lymphocytes and neurons. What are the impli-
cations of receptor clustering for short-term and
long-term signaling processes that occur in response
to ligand binding?
The receptors for peptide hormones, neurotrans-
miters, growth factors and chemoattractants are trans-
membrane proteins that couple to intracellular signaling
enzymes such as GTP-binding proteins and protein
kinases. These signaling proteins are commonly
present within multi-protein complexes that regulate
the location, duration and specificity of signaling. For
instance, scaffold and anchoring proteins can coordi-
nate the formation of cytoplasmic MAP kinase com-
plexes of a highly specific composition in the cell [1].
Complex multimeric assemblies are not a feature
restricted to intracellular signal transduction compo-
nents: transmembrane receptors are increasingly being
found to be organized into higher-order structures in
the cytoplasmic membrane.
One of the best characterized examples of this is the
Escherichia coli chemotaxis receptor signaling appara-
tus. The chemotaxis receptors are believed to function
in a highly analogous manner to mammalian tyrosine-
kinase-linked receptors, such as those for insulin,
growth hormone and cytokines [2]. The extracytoplas-
mic, amino-terminal sensing domains of chemotaxis
receptors are generally homodimeric. Attractant binding
to the sensing domain is either direct or employs a spe-
cific binding protein, depending on the ligand and
receptor, and occurs across the dimer interface. Each
subunit of the dimer is connected via a single trans-
membrane domain to the cytoplasmic carboxy-terminal
signaling domain, an antiparallel coiled coil [3]. Binding
of attractant appears to induce small, approximately
0.1nm shifts in the relative positioning of the transmem-
brane helices that modulate the equilibrium of the
coiled-coil signaling domains between kinase-activating
and kinase-inactivating states [4]. Attractants shift the
equilibrium toward kinase inactivation, whereas repel-
lents have the opposite effect. Inactivation of the protein
histidine kinase CheA leads to net dephosphorylation of
the chemotaxis response regulator protein CheY.
E. coli has five different chemotaxis receptors,
present in differing amounts in the cell: the receptors
for serine (Tsr) and aspartate (Tar) are abundant and
are referred to as the major receptors; the receptors
for ribose/galactose (Trg), peptides (Tap) and redox
potential (Aer) are present at much lower levels and
are called the minor receptors. There is growing evi-
dence against the idea that receptor dimers are the
functional signaling unit. In the many different species
of bacteria studied, receptors are predominantly local-
ized at one cell pole [5,6], where they form an enor-
mous cluster. It is estimated that, in E. coli, the cluster
contains several thousand receptors [7], the cytoplas-
mic coiled-coil domains of which participate in a 
high-order assembly [8]. The thousands of receptor sig-
naling domains in such clusters probably interact with
hundreds of CheA kinase molecules. The chemotaxis
signaling array exhibits a high ‘gain’ or signal amplifica-
tion: a substantial chemotactic response is produced
by very small changes in ligand concentration, and
presumably very small changes in overall receptor
occupancy [9,10]. One explanation for this could be
that occupancy of one receptor affects numerous
neighbouring receptors, so that many molecules of
CheA kinase can be regulated by a single ligand
binding event [11].
All of the receptors are subject to dual feedback
control of their signaling activity via the enzymes
CheR and CheB. Ligands that modulate the receptor
equilibrium towards kinase inactivation — an increase
in attractant or decrease in repellent — also induce
CheR-catalyzed methylation of the receptor on up 
to four specific glutamate residues in the coiled-
coil region. The effect is to shift the receptor equilib-
rium back to the prestimulus state, thereby achieving
adaptation to the new conditions. In response to
conditions that shift the receptor equilibrium towards
kinase activation — a decrease in attractant or
increase in repellent concentration — the receptor
methylesterase CheB becomes activated, resulting in
receptor demethylation and adaptation. Glutamyl
methylation neutralizes the anionic charge on this
amino-acid side chain, whereas demethylation restores
the negative charge; CheR and CheB thus regulate the
charge density within the thicket of clustered receptor
coiled-coil domains.
Further biochemical complexity in the chemotaxis
signaling system is indicated from the recent finding
that CheB is essential for the chemotactic gain,
whereas CheR is not [10]. So CheB has at least two
roles to play, those of adaptation and amplification,
but we know nothing about how it functions in the
latter process. Ligand-induced responses happen on
two time scales: CheA kinase regulation is rapid,
whereas receptor methylation is a slower phenome-
non. In a sense therefore, the methylation/demethyla-
tion reactions impart a molecular memory to the
receptor signaling mechanism [12].
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All five members of the E. coli chemoreceptor family
appear to be interspersed throughout the polar recep-
tor cluster. Some of the earliest functional evidence
that receptors function within higher-order assem-
blies came from studies of receptor covalent modifi-
cation. CheR and CheB bind to receptors via a
pentapeptide sequence that is present at the carboxyl
terminus of only the major receptors, Tsr and Tar [13].
As this motif is missing from the three minor recep-
tors,Trg, Tap and Aer, these receptors must be
present in clusters with Tsr and Tar in order to be
properly methylated/demethylated [14,15]. There is
abundant evidence of such methylation crosstalk
between the major and minor receptors [16], but it is
not known whether the two major receptors affect
each other in a similar manner.
To what extent does inter-receptor communication
occur within the array? A recent paper [17] has tried to
address this: a polyvalent, galactose-bearing ligand
was added to cells and their subsequent response to
other attractants was monitored. The synthetic poly-
galactose binds to glucose/galactose-binding proteins
and then signals through the minor receptor Trg. After
treatment with polymer, bacteria showed enhanced
responses to serine or aspartate. Gestwicki et al. [17]
put forward the suggestion that the polymer stabilizes
inter-receptor contact and so enhances transmission
of signals between receptors. The situation is far from
clear, however, as receptor clusters already exist in
the bacteria, and are stable enough to be seen by
immuno-electron microscopy in fixed cells and fluo-
rescence of GFP-tagged proteins in live cells.
Rather more confusing is the effect of the polymer
on an E. coil mutant strain which cannot cluster its
receptors. Here, the polymer appears to induce pro-
nounced receptor aggregation. This is surprising, as
the polymeric ligand, which is linear with an estimated
size of ~12 nm, could engage two, and certainly no
more than three, dimeric ligand-binding domains of
Trg, as two of these domains are estimated to occupy
a linear space of 9 nm [17]. It is therefore hard to
understand how this ligand induces the appearance of
large-scale clusters of receptors, as it cannot cause
cross-linking of any kind, at least of the ligand-binding
domains. A more likely possibility may be that binding
of the polyvalent ligand to two or three extra-cyto-
plasmic domains causes interlinking of receptor cyto-
plasmic coiled-coil domains, thus stabilizing or enforcing
receptor interactions via an intracellular mechanism.
Difficult explanations notwithstanding, these new
findings are very intriguing in their suggestion of sub-
stantial inter-receptor communication in the E. coli
signaling array.
Is this just a bacterial phenomenon? Probably not.
There is considerable evidence for high-order receptor
assemblies in mammalian cells. In activated T cells, for
instance, a supramolecular activation cluster forms,
consisting of multiple T cell receptors complexed with
MHC–peptide antigens on the surface of a neighbour-
ing antigen-presenting cell [18]. These processes are
not limited to tyrosine kinase-linked receptors either: a
recent study [19] of G-protein-coupled opioid recep-
tors found that a small number of ligand-activated
receptors can induce the endocytosis of large numbers
of receptors into the cell, suggesting that many recep-
tor molecules are in physical contact with each other,
forming oligomeric complexes.
The functional consequences of high-order receptor
assemblies include their potential for inter-receptor
communication and their information processing capac-
ity. In the E. coli signaling array, each of the dimeric
extracellular domains of the chemotaxis receptors
may be unoccupied or occupied by attractant or repel-
lent, and this information appears to be transmitted to
other receptors. Furthermore, because of their cova-
lent modification on up to four glutamate residues,
each of the thousands of cytoplasmic coiled-coil
domains can exist in up to 16 different states. With
such enormous complexity within the signaling array,
it is not surprising that each bacterium responds
uniquely to a given stimulus [20].
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Figure 1. The E. coli chemotaxis receptor cluster
Thousands of receptors localize to one cell pole, forming a
sensory patch. Extracytoplasmic ligand-binding domains are
dimeric, whereas cytoplasmic coiled-coil domains participate
in high-order interactions.
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